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Background and Purpose: Recent studies have suggested that cerebral infarction influences autonomic activity and may contribute to sudden death. The goal of this study was to examine effects of focal cerebral infarction on mean arterial pressure and heart rate.
Methods: Halothane-anesthetized rats were assigned to two groups: stroke (n=10), in which the middle cerebral artery or an adjacent vessel was embolized with a silicone cylinder, and sham (n=8), in which rats were sham embolized (saline). Arterial pressure and heart rate were measured for 90 minutes and again 24 hours after vascular occlusion. A change in electroencephalographic amplitude of -45% after embolization was used to determine if a significant degree of infarction was present.
Results: Vascular occlusion produced a significant increase in mean arterial pressure at 10, 60, and 90 minutes (p<0.05). Changes in heart rate were significantly greater (p<0.05) than in sham-treated rats at 10 and 30 minutes after embolization. In contrast, mean arterial pressure and heart rate measured 24 hours after embolization were similar in both groups. Anatomic analysis of the infarcted areas demonstrated that either insular cortex or amygdala was affected in all embolized rats.
Conclusions: This study indicates that cerebral infarction produces a transient elevation of mean arterial pressure and heart rate. However, within 24 hours both parameters returned to preinfarcted levels. Our findings are consistent with clinical reports that indicate that mean arterial pressure and heart rate of stroke patients are similar to those of other groups when they are admitted to the hospital, although other cardiovascular parameters are greatly altered. (Stroke 1993;24:691-696) KEY WoRDs * blood pressure * cerebral infarction * heart rate * rats R ecent studies suggest that stroke in humans can produce changes in autonomic mechanisms that may contribute to sudden death.' Although the mechanisms are not known, patients with cerebral infarction have a higher incidence of cardiac arrhythmias and myocardial damage than control subjects.2'3 In addition, plasma levels of norepinephrine, epinephrine, and dopamine are increased after cerebral infarction.4 In contrast, changes in arterial pressure and heart rate that result from stroke in humans apparently are minimal when patients are admitted to the hospital for treatment, which usually occurs not sooner than 24 hours after stroke.
Cechetto and coworkers5 reported that occlusion of the left middle cerebral artery (MCA) in normotensive rats produces some changes in autonomic and cardiac functions that resemble those in humans after cerebral infarction. In those experiments, arterial pressure was greater in stroke rats than in control rats for up to 3 hours after MCA occlusion. In contrast, in another More recently, Hachinski et a17 reported results that apparently contradict earlier findings by the same laboratory in the same model under similar conditions. In this report, occlusion of the left MCA had no effect on heart rate or mean arterial pressure for up to 6 hours. In a separate and concurrent study, the same group reported increases in mean arterial pressure when the right MCA was occluded but not when the left MCA was occluded.
The primary goal of these studies was to examine arterial blood pressure and heart rate at different times after occlusion of the left MCA in rats. In this study, we measured arterial pressure and heart rate immediately after (for 90 minutes) and at a much later time (24 hours) after MCA occlusion with a silicone cylinder. This model has the advantage of a closed cranium and a less invasive approach than other models of focal cerebral infarction, thereby minimizing the influences of direct brain manipulation.8 In addition, the use of arterial embolization more closely resembles a significant subgroup of strokes in humans id also permits prompt recovery from surgery.
Materials and Methods

Animal Preparation and Physiological Measurements
Eighteen male Sprague-Dawley rats weighing 321±8 Puritan-Bennet, Boston, Mass.), respectively, and recorded on a polygraph (RS-3800, Gould, Cleveland, Ohio). Heart rate was determined from the arterial pulse. Arterial PCO2, Po2, and pH were determined with a blood gas analyzer (ABL-3, Radiometer, Copenhagen, Denmark). While rats were anesthetized, physiological variables were measured before embolization of the MCA and 10, 30, 60, and 90 minutes after embolization (Table 1) . Control measurements followed embolization by 26±3 minutes.
Ninety minutes after embolization catheters were heparinized, securely positioned in a subcutaneous pouch, and all surgical wounds were sutured. As the rats recovered from anesthesia, they were returned to their cages with access to food and water ad libitum. After 24 hours, the rats were reanesthetized to a level similar to that of the previous day, and catheters were reexteriorized. Measurements of mean arterial pressure, heart rate, Paco2, Pao2, and pH were repeated 21+3 minutes after induction of anesthesia.
Embolization
Animals were randomly assigned to two groups: stroke (n=10) and sham (n=8). In the stroke group, during occlusion of the left common carotid artery with an aneurysm clip, a single silicone cylinder (0.8-1.0x0.3 mm) was infused with 0.8 mL of 0.9% saline into the left external carotid artery.89 The protocol for animals in the sham group was analogous to that of the stroke group, except that saline without a silicone cylinder was injected into the external carotid artery cannula. Animals in the stroke and sham groups received 11 mL/kg of saline while under anesthesia.
EEG was recorded just before and for 90 minutes after embolization (or sham embolization). Fourier frequency analysis with a digitizing system (Rhythm, Stellate Systems, Westmount, Canada) was used for spectrum analysis. Postembolization EEG ratio was calculated as percent reduction in amplitude after embolization. This ratio was designed to account for sideto-side and time variations that were independent from the effects of embolization. The ratio was calculated as (100[(Apost-ipsi x Apre contra)/(Apre ipsi X Apost-contra) -1]), where Apost-ipsi and Apst-contra represent the amplitudes after embolization ipsilateral and contralateral to the ischemic side, respectively, and Apre ipsi and Apre-contra represent the amplitudes before embolization ipsilateral and contralateral to the ischemic side, respectively. An EEG ratio less than or equal to -45% indicated that embolization had produced an acceptably large area of infarction.
Infarct Assessment
After the 24-hour measurement, the anesthetized rats were decapitated. Each brain was removed from the skull, and the silicone cylinder was visually located. The extent of the cerebral infarct area was determined by staining with 2,3,5-triphenyltetrazolium chloride (TTZ) or cresyl violet. In some animals (n =10), brain slices (2 mm thick) were obtained in a matrix device (Activational Systems Inc., Warren, Mich.) and incubated with TTZ at 40°C for 15 minutes. Photographic transparencies were made of both the rostral and caudal faces of these slices. Lack of TTZ staining (white), compared with normal tissue (red), indicated infarcted area.'0 In other animals (n=8), the brains were frozen immediately after decapitation in chlorodifluoromethane 10 , 60, and 90 minutes after embolization by 20%, 14%, and 16%, respectively (Table 2 ). In addition, changes in mean arterial pressure from control at 10, 60, and 90 minutes were greater in embolized animals than in sham-treated animals ( Figure 1 ). In contrast, 24 hours after embolization or sham treatment, mean arterial pressure and changes in mean arterial pressure were similar in stroke and sham groups, respectively (Table 2, Figure 1 ).
Heart rate also increased transiently after embolization. Heart rate was significantly greater at 10 minutes after embolization and tended to be greater than in sham-treated rats at 30, 60, and 90 minutes, although the differences between groups at these latter times were not significant ( Table 2) . Changes in heart rate were significantly greater at 10 and 30 minutes in the stroke group after embolization (Figure 2 ). In contrast, heart rate and change in heart rate were similar in both groups at 24 hours (Table 2, Figure 2 ). Embolization resulted in brain infarction in all rats in the stroke group, but the size and location of the infarcted region varied considerably (Figure 3) . In three animals, the infarcted area was extensive and included portions of insular, somatosensory, and motor cortex as well as the amygdala. In five rats infarction was present in insular, somatosensory, and motor cortex but not in the amygdala. In contrast, in two animals embolization caused infarction in the amygdala, and the cerebral cortex was minimally affected. No evidence of brain infarction was apparent in sham-treated rats.
Although differences were not statistically significant, rats with lesions involving primarily the insular cortex tended to have a greater increase in heart rate compared with rats with lesions involving the amygdala alone. The largest increases tended to occur 
Consideration of Methods
Stroke from embolic origin accounts for approximately 30% of the stroke cases in humans. 12 In contrast to most previous experimental studies, our model used an injected embolus. In most other models, the MCA is occluded directly, after surgical exposure of the MCA. In our study, the MCA was occluded by a single silicone cylinder that was injected retrogradely into the external carotid artery. The model of MCA occlusion with an injected silicone cylinder minimizes surgery and, therefore, tissue manipulation. This approach also avoids the craniotomy required in other, more invasive models. 13 By maintaining a closed cranium, embolization does not interfere with the normal development of infarction, edema, and changes in intracranial pressure that accompany MCA occlusion. In addition, the stability of the silicone cylinder as an insoluble embolus permits permanent occlusion of the MCA. Although the exact location that the embolus lodges cannot be controlled in this model, the injected cylinder lodged within the MCA in 80% of the cases in the present study.
Interpretation of Findings
Previous experiments in animals have indicated that occlusion of the MCA causes immediate increases in mean arterial pressure. Cechetto et a15 reported that arterial pressure was greater in rats with left MCA occlusion than in sham control animals. Similarly, in cats MCA occlusion produced elevations in mean arterial pressure that were sustained for 6 hours.14 In contrast, in a different study arterial pressure in rats has been reported to be normal 9-10 days after MCA occlusion.6
To clarify this apparent discrepancy we examined effects of MCA embolization on mean arterial pressure both acutely and chronically in the same animals. Our studies indicate that occlusion of the MCA increases arterial pressure acutely. By 24 hours after MCA occlusion, however, mean arterial pressure returned to control levels.
Our findings on response of heart rate to MCA occlusion in rats are also consistent with some previous reports. In one study, heart rate at 90 minutes after MCA occlusion tended to be elevated, but differences were not significant.5 Although changes in heart rate were significantly elevated for 30 minutes in stroked rats in the present study, differences were not significant after that time. By 24 hours, heart rate apparently had completely recovered. This latter finding is consistent with a long-term study (10 days) in rats that indicates that heart rate is similar in MCA-occluded and shamtreated animals. 6 A recent study reported that in most cases left MCA occlusion had no effect on heart rate or mean arterial pressure for 6 hours after stroke onset. 7 In a concurrent study, the same group also reported a significant increase in mean arterial pressure when the right MCA was occluded but not when the left MCA was occluded.15 These recent reports are in contrast to a previous study by the same investigators, who reported that left MCA occlusion produced elevation in mean arterial pressure. 5 We embolized the left MCA and observed increases in both mean arterial pressure and heart rate acutely.
The reason for these discrepancies in the response of heart rate and mean arterial pressure to MCA occlusion between studies in rats is not known but may be attributed to the different types of anesthetic used. In our study, rats were maintained at similar levels of halothane throughout the experiment. This anesthesia provided relatively normal and stable levels of baseline mean arterial pressure and heart rate. In contrast, in another acute rat study urethane was used, which apparently caused low baseline and progressively decreasing levels of mean arterial pressure. 16 In humans stroke may contribute to sudden death by producing changes in autonomic mechanisms, with detrimental consequences in cardiac function.12 Plasma levels of norepinephrine, epinephrine, and dopamine are elevated,2,4 which suggests that sympathetic activity is increased by stroke. Other consequences of stroke that may result from altered autonomic activity include increases in electrocardiographic abnormalities with elevated creatine phosphokinase, incidence of serious and potentially lethal arrhythmias, and myocardial damage. Many of these changes that are associated with stroke in humans also occur in animal models with MCA occlusion, including increases in plasma catecholamines, cardiac arrhythmias, and myocardial damage.5"17 In addition, a recent study in rats indicates that stroke impairs the baroreceptor reflex.18
As a group, differences in arterial pressure and heart rate in stroke patients compared with control subjects are reportedly small or not statistically significant. 2'4 Both stroke and control patients may exhibit elevated mean arterial pressure caused by mental stress on admission.'9 Subgroups of patients with a history of hypertension19 or intracerebral hemorrhage20 exhibit significantly higher levels of arterial pressure and heart rate than other stroke patients. In most instances, arterial pressure and heart rate in stroke patients have not been measured acutely after stroke onset, but rather at 24 hours or longer. The findings of the present and previous studies in rats suggest that arterial pressure and heart rate may also be elevated acutely in stroke in humans but have recovered to normal levels by the time of measurement.
Anatomic Correlates
In the present study, MCA An analysis of the three subgroups (insular cortex alone, amygdala alone, or both) within the stroke group suggested that heart rate can increase with ischemia of either insular cortex or amygdala. Moreover, the largest increases in heart rate were observed in rats with lesions involving both the insular cortex and the amygdala. Mean arterial pressure between subgroups was not apparently different.
The recent development of new diagnostic techniques allows very early anatomic localization of stroke in humans. Experimental evidence suggests that it may be important to consider the contribution of specific areas of the brain (e.g., insular cortex, amygdala, or others) in the autonomic imbalance that results from cerebral infarction. Early recognition of the infarct location could aid in the treatment of autonomic changes that are associated with some types of strokes.
In summary, the findings of the present study indicate that occlusion of the MCA in rats increases mean arterial pressure and heart rate acutely. Within 24 hours, however, mean arterial pressure and heart rate returned to control levels. Although mean arterial pressure and heart rate compensate, other studies in animal models and in humans indicate that an autonomic imbalance persists chronically after stroke that may have serious cardiovascular consequences and lead to sudden death.
Editorial Comment
This investigation demonstrated that rats whose middle cerebral artery was embolized with a silicone cylinder demonstrated a transient increase in mean arterial blood pressure that was no longer apparent at 24 hours after the vascular occlusion. This acute increase in mean arterial blood pressure is consistent with previous results in the rat showing an acute increase in plasma catecholamines and sympathetic nerve activity after middle cerebral artery occlusion.1 However, the human data suggest that the vulnerable period for cardiac complications after stroke persists for up to 30 days.2 Thus, it may be that the initial increase in sympathoadrenal activity may be the critical factor in predisposing individuals to longer-term cardiac complications.
In addition, the results of this investigation indicated that involvement of the insular cortex is necessary for the acute increase in mean arterial blood pressure. We have recently confirmed this finding by making specific lesions of the insular cortex in acutely anesthetized rats.3 This suggests that it would be important in clinical stroke to assess the involvement of the insular cortex in hemispheric stroke for the identification of patients who may be predisposed to a cardiac vulnerable period following stroke.
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